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ABSTRACT  
Though graphene has been intensively studied by Raman spectroscopy, in this letter, 
we report a study of second-order overtone and combinational Raman modes in an 
unexplored range of 1690-2150 cm-1 in nonsuspended commensurate (AB-stacked), 
incommensurate (folded) and suspended graphene layers. Based on the double 
resonance theory, four dominant modes in this range have been assigned as 2oTO (M 
band), iTA+LO, iTO+LA and LO+LA. Differing to AB-stacked bilayer graphene or few 
layer graphene, the M band disappears in single layer graphene. Systematic analysis 
reveals that interlayer interaction is essential for the presence (or absence) of M band 
whereas the substrate has no effect on this. Dispersive behaviors of these “new” Raman 
modes in graphene have been probed by the excitation energy dependent Raman 
spectroscopy. It is found that the appearance of the M band strictly relies on the AB 
stacking, which could be a fingerprint of AB-stacked bilayer graphene. This work 
expands the unique and powerful abilities of Raman spectroscopy on study of graphene 
and provides another effective way to probe phonon dispersion, electron-phonon 
coupling, and to exploit electronic band structure of graphene layers.  
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Carbon materials occurring in many different forms, such as highly ordered pyrolytic 
graphite (HOPG), diamond, carbon fibers, carbon nanotubes, buckminsterfullerene and 
so on, are very important for science and technology.1, 2 The recently discovered single 
layer graphene (SLG), which has unusual electronic properties, shows remarkable signs 
of applicability for fundamental studies and applications in nanoelectronics and 
nanophotonics.3-5 Moreover, it was recently shown, both experimentally 6-8 and 
theoretically 9, 10 that the electronic gap between the valence and conduction bands of 
AB-stacked bilayer graphene (BLG) can be controlled by an applied electric field. This 
makes BLG the only known semiconductor with a tunable energy gap and may open the 
way for developing photo detectors and lasers tunable by the electric field effect.6 Thus 
growing large area of BLG is imperative for the real application and many researchers 
have devoted great efforts on this. Therefore, a fast accurate and nondestructive method, 
which can be used to identify the AB-stacked BLG from others, is in urgent need.  
In this work, we exploited the second-order overtone and combinational Raman 
modes in the range of 1690-2150 cm-1 of graphene layers and identified all the dominant 
modes in this range based on the double resonance theory.11, 12 It is found that a band at 
about 1750 cm-1, assigned as M band only appears in the BLG or few layer graphene 
(FLG) and is absent in SLG and incommensurate bilayer graphene (IBLG). This 
provides a fast and reliable way to identify the BLG from SLG and IBLG, which must 
be very useful for the future study on the BLG and development of nanodevices based 
on BLG. 
As exploited by the previous experimental and theoretical studies, the fantastic 
properties of graphene layers are due to their unique electronic band structures. 
Understanding the behavior of electrons and phonons in graphene layers is also very 
important for their practical applications of electronic devices. Raman spectra provide 
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precise information on the crystal structures, electronic band structures, the phonon 
energy dispersion, and the electron-phonon interaction in sp2 carbon systems.13 It has 
been shown experimentally that by monitoring the position, width, integrated intensity, 
shape and so on of Raman features of graphene layers, the number of layers, 14, 15 linear 
dispersion of electronic energy, 16 crystal orientation, 17-19 doping, 20, 21 defects 22 and 
strain 23, 24 can be probed. The most prominent peaks in the Raman spectrum of 
graphene layers are the so called G mode and G’ (or 2D) mode, which are associated 
with the doubly degenerate (iTO and iLO) phonon mode at Γ point and with inter-valley 
double resonance process involving two iTO phonons near K point, respectively. If laser 
beam is focused on edges of graphene or some defects exist, another two peaks will 
appear, named D mode and D’ mode, which are inter-valley double resonance process 
involving defects and iTO phonons and intra-valley double resonance process involving 
defects and iLO phonons. To our knowledge, Raman features in the range of 1690-2150 
cm-1 in graphene layers were never reported, though they have been studied in single 
wall carbon nanotubes (SWNTs) 25, 26 and highly ordered pyrolytic graphite (HOPG), 25 
graphite whiskers, 27 double wall carbon nanotubes (DWCNTs) 28 and multiwall carbon 
nanotubes (MWNTs). 29 Our works presented in the letter disclose the nature of these 
modes. The energy dependence of the combinational modes in this range is given 
through a detailed excitation energy dependent Raman spectroscopy study.   
In this work, the nonsuspendend commensurate (AB-stacked), incommensurate 
(folded) and suspended graphene layers were studied. The graphene layers were 
prepared by mechanical cleavage of HOPG and transferred onto a 300 nm SiO2/Si 
substrate. The majority of the transferred graphene layers are AB-stacked whereas some 
parts of the SLG may fold over during the transfer and form incommensurate BLG.30 
The detailed process of fabrication suspended samples was described in Ref. 31. In 
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general, a 300 nm SiO2/Si substrate with pre-patterned holes was used. After transfer, 
some parts of graphene layers covering the holes are suspended. An optical microscope 
was used to locate the thin layers, and the number of layers was further identified by 
white light contrast spectra, width of G’ mode and absolute Raman intensity of G mode. 
The white light contrast spectra were acquired using a WITec CRM200 Raman system 
with a 150 lines/mm grating. The Raman spectra were obtained using a Renishaw 
system with a 2400 lines/mm grating cooperated with a 532 nm laser (Elaser = 2.33 eV). 
The excitation energy dependent Raman spectra were recorded using a WITec CRM200 
Raman system with a 600 lines/mm grating. The laser power was kept below 0.1 mW on 
the sample surface to avoid laser induced heating.  
Properties of graphene layers could be significantly different when their thicknesses 
or number of layers are varying. Several techniques have been adapted for identifying 
number of layers of graphene films, such as quantum Hall effect measurement, 4, 5 
atomic force microscopy (AFM), 5 transmission electron microscopy (TEM), 32 Raman 
spectroscopy 14 and contrast spectroscopy 15 etc. Among them, the optical approaches 
like Raman and contrast spectroscopy are most favorable. Figure 1(a) shows the optical 
images of selected graphene layers. The white light contrast spectra of the selected 
graphene layers are shown in Fig. 1(b). By using the method reported in Ref. 15, the 
number of layers of these graphene films is determined from one to seven, as labeled in 
the optical images. The extract contrast value as a function of number of layers shown in 
Fig. 1(c) is also in agreement with the results in Ref. 15. To double confirm the number 
of layers, Raman spectra of these graphene films were recorded and fitted. Fig. 1(d) 
presents the G band intensity as a function of number of layers. The linear dependence 
could be another inspection of layer determination.33 The width of G’ mode was also 
measured to identify the number of layers of graphene films.14  
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Graphene has been intensively studied by Raman spectroscopy. When researchers 
enjoy the beauty of the strong resonant modes like D, G, and G’, very little attention has 
been afforded to the range of 1690 cm-1 to 2150 cm-1, where actually several modes have 
been observed in other graphitic materials like carbon nanotubes, graphite and graphite 
whisker. Equally importantly and interestingly, these modes are also resulted from the 
double resonance process and carry information of electron-phonon coupling. Figure 2 
shows the Raman spectra of the graphene layers in this range together with the spectrum 
of HOPG. As comparison, the G’ mode is also shown in Fig. 2(c). Similarly, but much 
more obviously compared to the G’ mode, the Raman modes between 1690 cm-1 and 
2150 cm-1 display an evolution of the spectral components such as line-shape, peak 
position and peak width with the increment of the number of layers.  
To reveal the nature of these modes within this unexplored range, we divide them into 
two groups. One is in the range of 1690 cm-1 to 1800 cm-1 (Fig. 2(a)) and the other is in 
the range of 1800 cm-1 to 2150 cm-1 (Fig. 2(b)), which corresponds to the M band range 
and combinational mode range as discussed previously for SWNTs.25 In the M band 
range, the most remarkable observation is the absence of any peak in the spectrum of 
SLG, whereas the BLG and FLG show two obvious peaks with multiple components. 
This absolutely differs from the G’ mode, which shows an asymmetric wider peak due 
to the extra components led by the existence of extra electronic branches in BLG, while 
only one sharp and strong peak presented in the spectrum of SLG. This distinguished 
behavior of the modes in the M band range and G’ mode could be explained by their 
own natures. G’ mode or the overtone of the iTO mode is Raman active for all graphene 
layers. In contrast, the M band is the overtone of the oTO phonon, an infrared-active 
out-of-plane mode. For SWNTs due to the confinement (zone folding) effects and for 
HOPG due to the interlayer coupling, the Raman mode selection rule could be relaxed 
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and this oTO mode becomes Raman active. In the case of SWNTs, depending on the 
energy of the van Hove singularity relative to the excitation energy, the M band could 
selectively appear in some carbon nanotubes of certain chirality (n, m) and diameter.34 
Furthermore, for SWNTs, various line-shapes and a steplike phonon dispersion of such 
intermediate frequency mode could be also resulted from this dependence.35 On the 
other hand, for HOPG, FLG and BLG, there is no such dependence. The resonance 
condition could be always satisfied. The non-zone-center phonons connected with the Γ 
point reflected by this oTO mode undergo the electron double resonant intravelly 
scattering in two means, one with a near-zero momentum, appearing as M+ band, and the 
other with a momentum of the double of that of the scattered excited electrons, named 
M- band (indicated in Fig. 2(a)).25 Considering the above truth, we attribute the mode of 
BLG and FLG in the range of 1690-1800 cm-1 to the M band caused by an intravalley 
double resonance scattering process. Similar to the G’ mode, the evolution of this M 
band with the increase of the number of layers might be mainly due to the evolution of 
electronic band structure of graphene films. The existence of this M band could be a 
fingerprint of the AB stacking BLG. More discussion will be given below. 
The evolution of the modes could be also observed in the spectra in the range of 1800 
cm-1 to 2150 cm-1 as shown in Fig. 2(b). Several arguments about the assignments of the 
Raman modes of carbon materials in this range were reported in previous studies. For 
example, in HOPG (SWNTs), the peak at 1950 cm-1 (1987 cm-1) was tentatively 
assigned as a combination of the in-plane transverse optic (iTO) and longitudinal 
acoustic (LA) modes (iTO+LA).25 Another group claimed that this asymmetric peak 
consists of two modes, named iTO+LA and LO+LA.26 For graphite whiskers, the two 
peaks in this range were identified as iTA+LO and LO+LA.27 However, no conclusive 
assignments are available, especially for graphene. With careful curve fitting and 
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systematic analysis, we believe there are three dominant peaks in this combinational 
mode range. 
Figure 3(a) shows the Raman spectra of the SLG in the combinational mode range 
with various excitation energies. Very remarkably, all the peaks display a significant 
blue-shift with the increase of the excitation energy. To exploit the details, the 
experimental data were fitted by three Lorentzian line shape peaks and the fitting curves 
match the experimental data perfectly. The frequencies of these modes were plotted as a 
function of the excitation energies. A positive and linear excitation energy dependence  
of these phonons are clearly presented in Fig. 3(b), which indicates the origin of these 
peaks are double resonance process, the same as the well-studied D and G’ modes. To 
fulfill the double resonance Raman process, the momentum of the phonon must be near 
the double of that of the intravalley or intervalley scattered electrons. In SLG, at relative 
low energy level (<3 eV), the electronic spectrum is linear near the K point. Therefore, 
the electron energy shows a linear relationship with the phonon momentum, which 
promises Raman spectroscopy to be a unique and powerful tool for probing both 
electronic structure and phonon dispersion of graphene. Benefiting from this linear 
dependence, we depict the phonon dispersion frequency versus phonon wave vector in 
Fig. 3(b). The energy dependence (the slope) of these three peaks is estimated to be 140 
cm-1/eV for the lowest frequency mode, 198 cm-1/eV for the medium frequency one and 
221 cm-1/eV for the highest frequency mode. For the 532 nm laser or excitation energy 
of 2.33 eV, the lowest frequency mode locates at 1860 cm-1, which perfectly matches the 
combination of iTA and iTO. (Our readings from the dispersion curve in Ref. 25 are that 
ωiTA = 300 cm-1 and ωiTO = 1560 cm-1 for 2.33eV). However, the frequency of a 
combinational mode is usually a bit less than the sum frequency of the mother-
components.27 Moreover, the energy dependence or the slope of the dispersion curve of 
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the iTA mode is 129 cm-1/eV 27 and the iTO mode shows a negative dispersion in the 
range studied in this work, which cannot lead a mode with an energy dependence of 140 
cm-1/eV by combining these two modes (iTA+iTO). In contrast to the iTO mode, the LO 
mode positively disperses within this range and locates at 1600 cm-1 for 2.33eV laser. 
Therefore, the iTA+LO could be responsible for this low frequency peak. This 
assignment could also be supported by the study on graphite whiskers, where an energy 
dependence of 139 cm-1/eV was observed for an iTA+LO mode.27 This perfect 
‘agreement’ may hint that the SLG may share some structural commons with the 
graphite whiskers. Following the same strategy and considering the truth that the energy 
dependence of the LA mode is 216 cm-1/eV, 27 the medium frequency mode with an 
energy dependence of 198 cm-1/eV is attributed to a combination of iTO (with a negative 
energy dependence) and LA, while the high frequency mode with an energy dependence 
of 221 cm-1/eV is attributed to a combination of LO (with a positive energy dependence) 
and LA. This agrees with the work on SWNTs 26 and could explain why the peak shows 
an asymmetric line shape in Ref. 27, which actually consists of two combinational 
modes: iTO+LA and LO+LA.  
As a single atomic layer, graphene is extremely sensitive to the substrates, which has 
been clearly reflected in the Raman spectra.24 To investigate the substrate effects on the 
Raman spectra of graphene in the range of 1690 cm-1 and 2150 cm-1, the non-suspended 
and suspended SLG and BLG were prepared and the corresponding spectra are shown in 
Fig. 4(a). From the spectra, it can be clearly seen that the substrate has no significant 
effects on the M band and the combinational modes of SLG and BLG. The further 
analysis of the interlayer coupling was performed on the Raman spectrum of the IBLG. 
Similar to the G’ mode, the integrated intensity of the combinational modes is 
dramatically increased in such IBLG, and a blue-shift presents, which is due to the 
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reduction of charging impurities.36 The most significant and meaningful observation is 
the twisting of the two layers or the breaking of the AB (Bernal) stacking totally 
suppresses the M band shown in Raman spectrum of the IBLG. This might be due to the 
breaking of the stacking order of the A, B sub-lattice in two layers and consequently the 
oTO mode becomes non-Raman active mode. The IBLG is more like two ‘isolated’ SLG. 
Detailed theoretical study is needed to exploit the interlayer coupling effects on this M 
band. The missing of M band could be also observed in the Raman spectrum of the 
graphite whisker, which is similar as disordered graphite or thick incommensurate 
graphene layers,27 once again, indicating the commons among graphite whisker, IBLG 
and SLG. The absence of the M band in the IBLG makes the M band a unique feature 
for identifying the AB-stacked BLG, which possesses plenty of practical potentials.  
    In summary, we have studied the second order overtone and combinational Raman 
modes of graphene layers in an unexplored range of 1690-2150 cm-1. All the dominant 
modes in this range have been assigned based on the double resonance Raman process. 
The energy dependence of the combinational modes in the visible range has been 
derived from the excitation energy dependent Raman spectroscopy. The M band, which 
is strictly relayed on the AB stacking, provides a fast and accurate way to identify the 
BLG from SLG and IBLG. All the modes in this range show the layer dependent 
evolution, which should be relative to the changes of the electronic structures of the 
graphene layers. The results herein certainly demonstrate the unique and new potentials 
of Raman scattering for probing electronic band structures, the phonon energy 
dispersion and electron-phonon interaction in graphene layers.  
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Figure captions 
 
Figure 1. (a) Optical images of the selected graphene films with different numbers of 
layers. (b) The contrast spectra of the selected graphene films as indicated in (a). (c) The 
contrast value extracted from (b) as a function of number of layers. (d) G band absolute 
integrated intensity of graphene films measured under the same condition.   
 
Figure 2. Raman spectra of a 300 nm SiO2/Si substrate, graphene sheets with different 
numbers of layers and HOPG supported on the 300 nm SiO2/Si substrate in the range of 
(a) 1690-1800 cm-1, (b) 1800-2150 cm-1 and (c) 2550-2850 cm-1.  
 
Figure 3. Raman spectra taken at several Elaser values for SLG in the combinational 
mode range.  
 
Figure 4. (a) Raman spectra of the suspended SLG and BLG, and the non-suspended 
SLG, BLG, and the incommensurate BLG. (b), (c) and (d) are optical images of the 
incommensurate BLG, the suspended BLG and the suspended SLG, respectively.   
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